During the past 50 years, collaborative efforts between engineers, physicists, physicians, and others have resulted in revolutionary discoveries, as well as a constant and continual evolution in ultrasound technology (Table 1 ). Technologic investigations and advancements proceeded simultaneously and independently within several major centers located throughout the developed countries of the world. Initially, the pace was slow. 
Timeline of Diagnostic Ultrasound
Informational exchange between these centers was limited, and sometimes nonexistent. Early in the 20th century, advances in military sound navigation ranging (SONAR) or industrial ultrasound technology were later applied to medical applications. Technologic advances in ultrasound typically preceded and enabled more sophisticated medical research in the field. Once sufficient experience was obtained, the new technology and imaging techniques could be used more widely in clinical settings.
The following is a brief review of the major advances that have contributed to the development of current state-of-the-art diagnostic medical ultrasound technology. No discussion on this topic would be complete without some mention of the individuals and their respective institutions that were instrumental in the development of the modality. Therefore, throughout this review, several key individuals and centers are mentioned briefly. There are many other important people and centers whose names are not included. These omissions in no way reflect the significance of their contributions. This discussion is intended as a review of ultrasound technology, as opposed to an overall history of the field. Much of the information contained herein was originally published in the monograph Medical Diagnostic UltrasoLtnd: A Retrospectil/e on Its 40th Anniversary, edited by Barry B. Goldberg and Barbara Kimmelman' I for the Historical Symposium presented during the joint meetings of' the American Institute of Ultrasound in 1BMedicine and the World Federation of Ultrasound in Medicine World Meeting conference in 1988. Readers interested in learning more about the early history of ultrasound are encouraged to refer to this source. The American Institute of Ultrasound in Medicine Archives Committee is currently compiling a more complete history of the field, and a text on the history of medical ultrasound is expected to result from their efforts.
The Foundation of Ultrasound Technology
The piezoelectric effect, whereby mechanical pressure applied to certain materials such as quartz or ceramics produces an electrical voltage, was discovered by Jacques Curie in 1880. This effect forms the basis of all ultrasound transducer technology. A transducer, by definition, is a device that converts one type of energy to another. In the case of ultrasound transducers, electrical energy is converted to mechanical (acoustic) energy and, conversely, mechanical energy to electrical energy. This discovery enabled research to begin that resulted in the development of SONAR. The early work in SONAR was carried out in response to the German submarine threat during World war I. Military investigations into underwater detection devices continued in the early 1920s and 1930s but were more thoroughly developed during World War II.
Research in both industrial and medical applications of ultrasonic energy began in the late 19th and early 20th centuries. Industrial applications focused on the detection of flaws in metals. Typically in these applications, an ultrasound signal was transmitted into a structure, and a separate transducer located at the opposite end of the material would receive the transmitted signal and allow evaluation of the medium's " ID="I2.71.6">"through transmis-" ID="I2.72.1">sion" characteristics. This was a true diagnostic application of ultrasound, whereas early medical applications were almost exclusively therapeutic. For therapeutic medical applications, ultrasonic energy was applied to various body tissues; however, there was no need to receive or analyze the resultant echoes. The therapeutic effects of ultrasound were used for treatment of cancer in Germany, while in other parts of Europe and in the United States, the primary focus was on ultrasound's benefits in physical therapy.
Several researchers ultimately investigated the industrial application of a pulsed ultrasound unit whereby a single transducer could transmit and, between transmissions, receive the reflected echoes. One such device was developed in the United
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States when Floyd Firestone patented his Reflectoscope, designed for industrial purposes in 1944.1 Also during the 1940s, primarily as a result of its uses in therapy, the biologic effects of ultrasound exposure began to be considered and investigated. As the military continued its research and development of SONAR equipment during World War II, echo-ranging technology was eventually extended into diagnostic applications in medicine. These efforts concentrated on the generation of an ultrasound signal and the retrieval of information contained in the reflected echoes and formed the basis of the pulse-echo systems currently in use.
The Beginnings of Diagnostic Medical

Ulfrasound
In the late 1940s and early 1950s, researchers in many laboratories began investigating the use of commercially available industrial ultrasound devices for medical purposes. In Europe, Karl T. Dussik and his brother Friederick, a physicist, studied the through transmission effects of ultrasound to examine the brain, including the ventricular system. Their experiences formed the groundwork for later echoencephalographic studies. Dussik eventually came to the United States to work with a group of investigators at Massachusetts Institute of Technology. The primary interest of that group continued to be the study of the through transmission characteristics of ultrasound. Eventually, however, the use of pulsed and reflected signals was favored over the through transmission techniques. In 1949, Dr. John J. Wild used a Navy radar trainer operating at 15 MHz to evaluate an excised bowel wall. Dr. Wild found that echoes from bowel wall containing tumor appeared different from normal bowel wall when reflected ultrasound signals were evaluated and displayed with the use of an oscilloscope screen (Figure 1 ). This work contributed to the development of amplitude mode (A-mode) ultrasound, whereby the strength of a reflected echo and other characteristics obtained from tissues could be displayed visually for analysis (Tables 2 and 3 the signal into the tissues. Interfaces encountered along its path cause the line to be deflected from the horizontal. The height of the deflection (i.e., the "spike") indicates the amplitude of the reflection, and its horizontal location is a measure of the distance of the reflector from the transducer (Figure 2). The information on the height and position of the spikes is used to derive a diagnosis. John Reid, an engineer, eventually joined Wild collected and then displayed. This is accomplished by compounding many single B-mode dots to compose a two-dimensional display of all of the dots together ( Figure 3 ) . 3 B-mode imaging, therefore, presents two specific problems not present with A-mode: ( 1 ) the system must be provided with information on the position of the transducer, and
(2) all of the dots must be displayed simultaneously to form the image.
The first problem was solved by having the transducer mounted on a mechanical articulated arm.
Position sensors (potentiometers) located at articulation points on the arm were used to define its position in space with relation to a reference point established before acquiring image data. This technique allowed the tissue interfaces (reflectors) to be plotted in the same location on the image re-FIG. 2 Block diagram of a typical A-mode ultrasound instrument used to detect the midline echo of the brain. swept across the anatomy in question and the image is created by compounding many individual B-mode dots together. The second problem of displaying all the dots at the same time was overcome by incorporating special cathode ray tube screens that had long persistence qualities so that the information obtained early in a scanning sweep is still displayed at the time the sweep is completed.
As technology improved, several other more sophisticated approaches were used to solve the B-mode display problem. The early B-mode units were bistable (i.e., all echoes were displayed as white on a black background or vice versa). During this time, cameras were configured for use with the ultrasound systems. By photographing the data as they were acquired, investigators could analyze the information content more thoroughly, and recording the images provided a means of documenting their results.
John Wild's clinical B-mode instrument was completed in 1951 ( Figure 4 the University of Colorado to continue his medical residency and to collaborate with Dr. Joseph Holmes. By 1951, Howry's team had developed several B-mode scanners. Their approach was to use a compound scanning technique incorporated in a water immersion tank (actually a modified cattle watering tank) with the transducer mounted on a rail. Later versions used other obtainable parts of that time, such as a rotating ring from a B-29 airplane gun turret, which allowed the transducer to rotate 360° around the immersed body part within the tank ( Figure 5 ). A second motor produced a back-and-forth movement of the transducer, effectively achieving a compound scanning technique. These water tank devices were developed early in the 1950s, and Howry published their results in 1952,' Other similarly designed ultrasound systems were manufactured well into the 1970s. Later versions of the water-bath systems incorporated multiple transducers that improved image quality. Investigations with water-bath ultrasound units of the type originally developed by the and Toshio Wagai performed experiments that resulted in techniques and equipment capable of detecting tumors and other abnormalities in the brain, gallstones, breast abnormalities, and other pathologic conditions. By the end of the 1950s, Wagai was using ultrasound routinely for clinical diagnostic purposes.
In Europe, several research sites were concurrently developing ultrasound devices during the early 1950s. Significant contributions were made by Dr. Ian Donald in England, who is credited with the successful application of ultrasound in obstetrics and gynecology in 1954 to 19 5 7,1 I Donald established criteria that enabled differentiation of ascites from ovarian cysts and fibroid tumors, using A-mode equipment originally designed for industrial flaw detection. Donald was also responsible for implementing the full-bladder examination technique that is still used widely for ultrasound evaluation of the female pelvis. Eventually, he was able to overcome some concerns in the medical community regarding potential adverse effects of ultrasound used for the evaluation of the fetus, and he expanded his research into the field of obstetrics. Donald's pioneering work in this area included measuring the bi-parietal diameter, which allowed estimations of fetal weight and gestational age, as well as other criteria still used to assess fetal wellbeing.
The A-mode display of spikes on an oscilloscope was soon replaced with the more easily interpreted B-mode imaging techniques. However, there remain some benefits of A-mode, primarily in the field of ophthalmology. During the 1950s, two pioneers, Drs. Gilbert Baum and Arvo Oksala, expanded the use of A-mode, for identification of foreign bodies and tumors in the eye and to determine ocular measurements. Dr. Karl Ossoinig began investigations that resulted in a " ID="I6.39.7">"double tech-" ID="I6.40.1">unique whereby ultrasound was used to obtain both B-mode anatomical information and A-mode presentation of distances and tissue reflectivity. The unique combination of data provided by this technique proved to be quite useful clinically to the ophthalmology community.
The first commercially available linear array transducer was designed by Dr. Werner Buschmann and was produced by the Kretztechnik company of Austria for ophthalmologic applications in the 1960s (Figure 6 ). This revolutionary transducer (a predecessor to today's sophisticated electronic linear arrays housing several hundred elements) consisted of 10 individual elements that FIG. 6 Switched array transducer for ophthalmic ultrasonography, designed by Buschman and used in the Kretztechnik 7900s. Ten crystals were mounted on an arc-shaped support that could be introduced directly into the conjunctival sac. Crystals were activated at different times, thereby electronically simulating sector scanning motion. From Goldberg BB, Kimmelman BA,' Reprinted courtesy of Eastman Kodak Company.
could be fired sequentially to simulate a sector scanning motion.
The Early Clinical Years
During the 1950s, clinicians in a variety of specialties around the world began to use ultrasound for diagnostic purposes. Whereas Wild's and Reid's attempts were to characterize tissue sonographically, the general trend in both research and clinical activities at that time was to create anatomical cross-sections of various body structures with ultrasound. This has continued to be the primary role of ultrasound. As one can see, early clinical research efforts in ultrasound were often the joint efforts of physicians, physicists, and engineers. Collaboration among the various disciplines often The most common form of commercial scanner design used the articulated arm configuration. These " ID="I7.23.2">"static arm " ID="I7.23.4">scanners" required significant operator dependence to create clinically useful ultrasound images, arguably, even more so than with the current multimodality equipment. Other instruments used water-bath systems; however, these were more cumbersome for general clinical use. The water-bath systems required a relatively long time to produce images, and image degradation occurred with patient movement. One of the more recent water-bath systems manufactured until 1978 was the Octoson (Ultrasonics Institute, Sydney, Australia). This system incorporated eight relatively large transducers positioned in an arc at the bottom of the water tank. The transducers could be activated individually or in groups and produced static gray scale images of relatively good quality ( Figure 7 ). However, problems associated with this and other similar devices included the constant maintenance required to prevent contamination of the water, as well as cumbersome repair work on the components within the tank. The water-bath apparatus, in general, had significant limitations on access to body structures and never received widespread patient acceptance.
As stated earlier, the initial B-scan units of the 1960s were bi-stable. However, the benefits of good gray scale images were well known from the fields of photography and medical radiograph imaging. The introduction of the scan converter and other advancements in signal processing in the 1970s allowed B-mode ultrasound images to contain multiple shades of gray based on the reflected signal's intensity (or brightness level). This technique is referred to as " I D = " I 7 . 5 6 . 6 " > " g r a y scale ultrasound im-" ID="I7.57.1">aging" (Figure 8 ).~ A scan converter, as the name implies, accepts one type of data and then stores, processes, and converts it into a form usable for display. The addition of multiple shades of gray to the B-mode image significantly improved the diagnostic use of ultrasound. The early gray scale units had only a few shades of gray. As more sophisticated gray scale units were developed, the display dynamic range was significantly increased, with more shades of gray providing improved image contrast resolution. Digital scan converters and auxil- iary computers within current state-of-the-art scanners play a major role in the production of high-quality images while also improving the reliability and upgradability of the units.
M-Mode and Doppler Ultrasound
The earliest work in the area of Doppler ultrasound dates back to the 1950s (Table 6 ). In Japan, Shigeo Satomura and Yasuharu Nimura at Osaka University pioneered work in Doppler ultrasound for cardiovascular investigations. Their results were published in 1956.' By the 1960s, the Japanese had identified cardiac motion with ultrasound, including that of the mitral, pulmonic, and aortic valves. Chile evaluating cardiac structure movement, "noisy" signals were also detected. Dr. Z. Kaneko later determined that these signals represented backscattered signals from the movement of blood (actually red blood cells) through the acoustic field.
C=oncurrently with the Japanese investigations during the early 1950s, Dr. Inge Edler, a physician, collaborated with C. Hellmuth Hertz, a physicist, to investigate the use of pulsed ultrasound for cardiac applications in Sweden. They initially used an industrial flaw detection unit and demonstrated the feasibility of using A-mode to evaluate cardiac structures. This team eventually went on to develop time-motion mode ultrasound, which uses some principals of both A-mode and B-mode imaging. Time-motion mode is used to demonstrate motion of structures such as the mitral valve of the heart over time. A continuously moving film and camera of the team's own design were used to graphically display the imaging results. This device was the precursor to the strip chart recorder. 1B1mode, as it is now commonly referred to, is still widely used for the study of cardiac wall and valve dynamics. Continuous wave Doppler systems use dual-element (i.e., two piezoelectric crystals) transducers. One crystal transmits the ultrasound signal continuously at a known frequency (the output frequency) while the other crystal continuously receives the returning echoes. As the transmitted signal encounters moving structures (i.e,, blood cells), a shift in the output frequency occurs. The receiver compares the received signal frequency to the transmitted signal frequency. The difference in frequency between the two signals is the Doppler frequency shift, commonly referred to as just the " ID="I9.6.1">"Doppler " ID="I9.6.2">shift."4 For typical Doppler output frequencies used and blood flow velocities encountered, the Doppler shifts happen to be within the human audible range (i.e., 20-20,000 Hz). Therefore, the Doppler shifts produce audible sounds when applied to a loudspeaker. A Doppler demodulator, which uses a phase quadrature detector, allows the system to distinguish between positive and negative Doppler shifts that, in turn, provide information on the directivity of blood flow. The Doppler shifts can also be displayed visually (on a video monitor) with spectral analysis. Spectral analysis is accomplished by the fast fourier transform. 4 The major limitation of CW Doppler is that all moving scatterers encountered in the path of the transmitted signal will be incorporated in the audible or visual presentation. The ability to separate flow signals originating from vessels at different distances from the transducer is referred to as " ID="I9.25.1">"range " ID="I9.25.2">resolution." Continuous wave units, therefore, lack range resolution. The benefits of a CW unit are its relative low cost and the broad range of Doppler frequency shifts that can be detected without aliasing artifacts.
With the help of a young vascular surgeon, Dr. Eugene Strandness, the University of Washington group began applying their CW Doppler instrument in the clinical setting (Figure 9 ). The clinical use of CW Doppler was established during the 1960s, and, in 1967, Strandness Pulsed wave Doppler, as the name implies, uses the same pulse-echo principal as that used in Bmode imaging. A pulse is generated into the tissues and a specified period of time elapses before generating another pulse. Between pulses, the system is in the receive mode. A gate within the receiver controls when the system is capable of receiving reflected echoes. This timing allows the system to selectively "listen" to echoes that originate at various depths from the transducer. Most pulsed wave Doppler systems also have B-mode imaging capabilities. A system capable of simultaneous pulsed wave Doppler and B-mode imaging is referred to as a " ID="I9.65.2">"duplex Doppler " ID="I9.65.4">system." To obtain blood flow information from a specific vessel, the operator uses the B-mode reference image to position a " ID="I9.68.1">"range " I D = " I 9 . 6 8 . 2 " > g a t e " cursor in the desired location ( Figure  10 ). The Doppler mode is then used to acquire blood flow data. The Clinical "Boom" Period By the mid 1970s, ultrasound was used routinely throughout the world for medical diagnosis. Bmode imaging encouraged clinical and technologic research, while, at the same time, clinicians found the images to be more anatomically familiar than the spikes of A-mode ultrasound. This allowed more clinicians to begin to use ultrasound for a wide variety of specialties. New commercially produced units were readily available and more dependable. The addition of the scan converter (initially analog to digital, then fully digital in the late 1980s) resulted in more sophisticated gray scale imaging, which provided additional diagnostic information and improved the overall image quality and use of sonograms.
As practitioners acquired experience with the modality in general and with their specific units, new and improved scanning techniques were combined with the new technology to enhance ultrasound's overall diagnostic abilities. Individuals began to subspecialize in the field of ultrasound and further improved their level of expertise. On the equipment side, the incorporation of the transistor, microprocessor, and other more advanced electronics contributed to more reliable and e~cient units while, at the same time, reducing their physical size. Eventually, these technologic advances paved the wav for what would become one of the most revolutionary advances in the field, real-time ultrasound imaging.
The two most popular imaging methods in the late 1960s and early 1970s included the static arm B-scanner and the immersion tank or water-bath methods. Later in the 1970s, by combining stateof-the-art electronics w ith hand-held B-mode scanner technology, it was possible to refresh the Bmode image rapidly enough to result in real-time ultrasonic imaging. This had several notable advantages over the static imaging techniques. With realtime imaging, motion such as the opening and closing of the heart valves or fetal limb movements can be depicted as it occurs. This permits the noninvasive assessment of such dynamic events with ultrasound imaging. The second advantage of real-time over static imaging is that, as new tissue is insonated (i.e., the transducer is positioned in a new area), the image is updated to depict the tissue interfaces within the acoustic field, thereby facilitating a survey type of evaluation of relatively large anatomical areas. The addition of real-time imaging to ultrasound is a major distinguishing feature when compared with other diagnostic imaging modalities.
Real-time imaging results from the rapid update of image data sufficient to demonstrate motion in real time. 2 The flicker-fusion frequency of the human eye is approximately 16 frames per second. For motion to be depicted accurately in time (i.e., adequate temporal resolution), the image needs to be updated 16 times in 1 second. This can be performed with mechanical transducers (i.e., moving parts housed within a probe case) by rapidly sweeping an element or elements in an arc or rotating them 360° and firing the element as it comes into a position adjacent to the body tissues. Sufficient time must be allowed between firing the element(s) so that unambiguous information is provided to the system for depiction on the monitor. This is called the pulse repetition frequency. The lower the pulse repetition frequency, the lower the imaging frame rate and, therefore, the less " ID="I10.79.8">"real-" ID="I10.80.1">time-like" the information. A wide variety of approaches has been used to produce mechanical sector transducers. These include the 360° rotating wheel configuration with multiple elements, oscillating single elements " ID="I10.84.4">('Bvobblers "), and moving or stationary mirrors that reflect the beam into tissues. Some transducers of this design had multiple frequency capabilities.
Another method of producing real-time imaging involves the electronic switching of many single transducer crystals housed within a probe case, or the so-called " ID="I10.91.3">"electronic phased " I D = " I 1 0 . 9 1 . 5 " > a r r a y . " These arrays originally were configured in a linear format with 10 to 15 elements. In this case, the various piezoelectric elements were fired electronically either simultaneously or in groups, resulting in a beam that could be steered. Small "footprint" sector format probes came later. With proper sw itching of the elements, a sector-shaped image can be produced that has a narrow apex and a relatively wide far field of view. The sector imaging technique (either mechanical or electronic) has the obvious advantages of depicting large areas of tissue, while the transducer is held in a stationary position, as opposed to having to sweep the static arm scanner across the body surface. One advantage of the electronic arrays was the speed with which the elements could be fired sequentially. This proved useful for echocardiographic applications, where high imaging frame rates are important. Also, because of the lack of moving parts, the phased array was (and is still) more reliable than its mechanical counterparts. Later versions of linear arrays incorporated the curved (convex) linear array format, combining the benefits of electronic switching and a high-quality near field with a modified sector display having a wide far field. In contrast to the original arrays with 10 or 15 elements, the current sophisticated electronic arrays often have several hundred elements housed within a single probe case. Currently available multidimensional arrays are capable of focusing the ultrasound beam in all three dimensions.
The same sophisticated electronics that enabled real-time imaging to become feasible also allowed it to gain rapid widespread commercial implementation and clinical application during the late 1970s and early 1980s. During this period, additional improvements were incorporated into the scanners. These included operator-adjustable mechanical or electronic focusing of the beam, which improved image resolution, the addition of annotation graphics, and on-board measurement capabilities. This was truly a boom period for both clinical applications and technologic advancements in the field of diagnostic medical ultrasound. The static arm scanners were eventually replaced with smaller units with freely mobile, relatively small, hand-held transducers that could generate images in virtually any plane of section through the body.
Many established radiology equipment manufacturers saw this as an opportunity to expand their product line to include ultrasound scanners in addition to brand new enterprises specializing in ultrasound products exclusively. Although this booming period lasted well into the 1980s with the introduction of color flow imaging systems, toward the end of the 1980s, the growth began to slow. In the 1990s, with cost containment issues at the forefront of medicine, ultrasound is again gaining ground as one of the primary modalities in medical imaging, and manufacturer interest in the field is high.
Recent Developments
Significant technologic developments that have occurred during the past decade include the introduction and clinical implementation of color flow ultrasound imaging, three-dimensional (3-D) ultra-sound, and the availability of pharmaceutical (i.e., contrast) agents. Significant progress also has been made in the area of ultrasound transducer technology. Finally, there is a continuing trend in the ultrasound industry to improve the ergonomics and cost effectiveness of the systems and to produce multimodality platforms.
The most common technique used to display blood flow in color superimposed over all or a portion of a two-dimensional real-time gray scale image is the autocorrelation Doppler technique.4 In the autocorrelation technique, the ultrasound beam is scanned, usually with an electronic array similar to the arrays used for real-time gray scale imaging. However, as opposed to displaying the location and reflector amplitude information, the color autocorrelation technique displays the stored (Doppler) shifted and nonshifted echoes. Shifted echoes are presumed to arise from moving scatterers (i.e., blood cells) and are displayed as various colors, whereas nonshifted echoes are presumed to arise from stationary tissues and provide data for the gray scale display of anatomy.
Autocorrelation color flow systems display the mean Doppler frequency shifts detected along each Doppler scan line. A typical early device of this type might have had 64 Doppler scan lines, each of which contained 128 separate Doppler sample volumes.2 The imaging frame rates are, by necessity, reduced in color flow modes of operation as a result of the large amount of data that need to be processed before the display of information. Typically, the colors red and blue represent blood flow toward and away from the transducer, respectively. A variety of color maps can be used, such as saturation maps, color hue maps, and variance maps. Selection is based on the information desired, as well as user preference.
Autocorrelation color flow instruments have been available commercially since the mid 1980s. When these devices were first introduced, they suffered from significant limitations, including slow frame rates, large transducer sizes, and generally poor quality gray scale images. As technologic advances have been made and the clinical demands have been determined, the instruments have become much more effective at providing high levels of flow sensitivity, good quality gray scale images, and adequate imaging frame rates. The vast majority of the current high-end systems have color flow imaging capabilities.
A variation on the mean Doppler frequency shift autocorrelation technique is the so-called " ID="I11.105.6">"power " ID="I11.106.1">Doppler" color display, or " ID="I11.106.5">"color amplitude imag- parameters were used for both images. The improved display of blood flow of (b) is partly due to the higher signalto-noise ratio, increased display dynamic range, and other inherent characteristics of the amplitude mode. " I D = " I 1 2 . 8 . 1 " > i n g . " In this case, the relative amplitude of the shifted echo is displayed in color, as opposed to its Doppler frequency shift. By sacrificing information on flow directivity and using high levels of temporal processing, color amplitude imaging has a higher display dynamic range and signal-to-noise ratio than the conventional (i,e., mean frequency shift) color mode (Figure 11 ). Although various recent reports claim that power Doppler is more sensitive than conventional color Doppler imaging, by definition, the two techniques are equivalent in their level of sensitivitv.' blood cells) moving within the acoustic field on a scan-line-by-scan-line basis. With the information on the distance traveled over the elapsed time, the system determines the scatterer's velocity. The peak blood flow velocity occurring within each pixel is displayed in color, as opposed to the mean frequency shifts of the autocorrelation technique.
Time-domain color flow imaging can, therefore, be used for quantitative analysis of blood flow, whereas the autocorrelation technique is considered qualitative. In addition, flow volume estimations can be acquired by combining time-domain color flow imaging with an M-mode tracing of the vessel wall motion (Figure 12 ).
As a result of recent advancements in ultrasound and computer technology, 3-D ultrasound scanners are now available. However, the 3-D reconstruction of ultrasound images presents unique challenges not present with other imaging modalities such as magnetic resonance imaging or computed tomography. These include the real-time display of ultrasound information, the presence of acoustic artifacts such as shadowing, and the unlimited planes of section obtainable with ultrasound. The current technique of displaying 3-D ultrasound images involves the acquisition of multiple two-dimensional image slices, which are then reconstructed into a 3-D image (Figure 13 ). Producing acceptable 3-D ultrasound images relies heavily on the acquisition technique (i.e., the position and rate of movement of the probe and number of slices) and the signal processing used to 22S FIG. 13 Three-dimensional ultrasound reconstruction of a fetal face obtained with a dedicated three-dimensional ultrasound unit. generate the reconstructed image.7 Systems capable of displaying real-time 3-D ultrasound images are not currently available. Although 3-D ultrasound has some potential benefits over the twodimensional display, it currently appears to provide information complementary to that provided by the conventional two-dimensional display. A system is currently available that has the capability to display color amplitude images in a 3-D format.
With the recent introduction of ultrasound contrast agents from the pharmaceutical industry, there is a need for equipment modifications to existing ultrasound instruments in order to fully achieve the beneficial effects of the contrast media. When using vascular ultrasound contrast agents (i.e., those that enhance the detection of blood flow), specific artifacts have been reported.8 These artifacts and other equipment limitations impose constraints on the effectiveness of contrast-enhanced ultrasound imaging. Equipment manufacturers are currently investigating alternative methods of ultrasound image acquisition to overcome some of these limitations and make more effective use of the combination of technology and pharmaceuticals.
One approach has been the use of harmonic imaging, in which the system transmits at the fundamental frequency (e.g., 3.5 MHz) and receives only echoes at the second harmonic frequency (e.g., 7 .0 MHz).9 The microbubbles within the con-trast agent act as harmonic oscillators so that contrast-enhanced echoes contain significant energy components at the resonance (fundamental) frequency, as well as at higher and lower frequencies.
Harmonic imaging that uses this phenomenon has the potential to provide information regarding blood perfusion not currently available with existing scanner technology. Harmonic imaging and other contrast-specific technologic developments of the future, combined with pharmaceutical contrast agents, are expected not only to improve the sensitivity of ultrasound diagnosis but may also expand the range of ultrasound applications.
Recent improvements in ultrasound transducer technology include materials that reduce the impedance mismatch between the transducer face and the body tissues and the implementation of the broad-band transducer. Transducer design changes that have resulted in more clinically useful devices include application-specific configurations such as endocavitary (i.e., endorectal, transesophageal, catheter-based, and intra-operative) probes and curved linear transducers. The use of a broad-band transducer compensates, to a degree, for the adverse effects of attenuation and the selection of the optimal imaging frequency for a given depth. The broad-band transducer maximizes the frequency over the depth of the image so that higher frequencies are used to obtain information from more superficial tissues, while lower frequencies are used to image tissues located at greater depths. Sophisticated element switching and signal processing algorithms are used to accomplish this difficult but clinically desirable task. Another advantage of the broad-band transducer is that, on some units, the user has the capability to change the transmit and or receiver frequency to meet the demands of the imaging situation.
Another improvement in transducer technology involves " I D = " I 1 3 . 7 3 . 2 " > " h i g h " ID="I13.73.3">frequency" transducers. Not too long ago, the highest transducer frequency available was 7.5 MHz. Improvements in signal processing, noise reduction, and other electronic circuitry have increased this frequency range so that there are currently available systems that have 10 MHz, 12 MHz, and even higher frequency transducers. The improved contrast and spatial resolution provided by these new transducers results in images of exceptional quality. In addition, using many of the same advancements and new materials, manufacturers are producing transducers that generally have better image quality and penetration capabilities than those of even the recent past.
The same improvements in electronic circuitry 23S that have had such a profound impact on the field of personal computers have been adapted to ultrasound systems, making them faster, more powerful, and more reliable. Recently, manufacturers have incorporated application-specific integrated circuitry and very large-scale integrated circuitry into ultrasound systems. These new manufacturing techniques have contributed to the smaller size of the units and lower manufacturing costs, the savings from which can be extended to the customer.
The current state-of-the-art systems are, to a large degree, software driven and upgradable. In addition, the ultrasound systems can be serviced from off-site locations, which can often diagnose a problem via telecommunications (i.e., without having to dispatch a service engineer to the user's facility). This can shorten the system's downtime and may reduce the cost of the repair. All of these advancements have resulted in equipment that is more powerful diagnostically, less operator dependent, smaller in size, more reliable, and upgradable over time.
Conclusion
The technologic improvements that have contributed to the advancement of ultrasound imaging have resulted from a constant evolution built on pre-existing technologies. Since the early 20th century, progress has been steady and fruitful. Collaboration between clinicians, engineers, and others has resulted in rapid implementation of the newest advances into clinical applications. The expansion of ultrasound as a medical diagnostic device has progressed even with the introduction of more elaborate imaging modalities such as computed tomography and magnetic resonance imaging.
With the present trend in health care toward cost containment, the high quality of ultrasound imaging, and the proven safety record of ultrasound contributing to wide scale patient acceptance, the future looks promising for the modality. With continued improvements in technology, ultrasound may progress from its current role as a valuable diagnostic tool to become the premier medical imaging modality of the 21 st century.
